Certain bacteria present on frog skin can prevent infection by the pathogenic fungus Batrachochytrium dendrobatidis (Bd), conferring disease resistance. Previous studies have used agar-based in vitro challenge assays to screen bacteria for Bd-inhibitory activity and to identify candidates for bacterial supplementation trials. However, agar-based assays can be difficult to set up and to replicate reliably. To overcome these difficulties, we developed a semi-quantitative spectrophotometric challenge assay technique. Cell-free supernatants were prepared from filtered bacterial cultures and added to 96-well plates in replicated wells containing Bd zoospores suspended in tryptone-gelatin hydrolysate-lactose (TGhL) broth medium. Plates were then read daily on a spectrophotometer until positive controls reached maximum growth in order to determine growth curves for Bd. We tested the technique by screening skin bacteria from the Australian green-eyed tree frog Litoria serrata. Of bacteria tested, 31% showed some degree of Bd inhibition, while some may have promoted Bd growth, a previously unknown effect. Our cell-free supernatant challenge assay technique is an effective in vitro method for screening bacterial isolates for strong Bd-inhibitory activity. It contributes to the expanding field of bioaugmentation research, which could play a significant role in mitigating the effects of chytridiomycosis on amphibians around the world.
INTRODUCTION
One of the many causes of worldwide amphibian declines and associated biodiversity loss is the emergence of chytridiomycosis, an infectious disease caused by the pathogenic fungus Batrachochytrium dendrobatidis (Bd; Berger et al. 1998 Berger et al. , 1999 . Amphibians have well-developed immune systems, with both innate and adaptive components (Voyles et al. 2011 , Rollins-Smith & Woodhams 2012 . Research into the role of the adaptive immune system in defending against Bd is in its infancy (Richmond et al. 2009 , Ramsey et al. 2010 , Savage & Zamudio 2011 . In contrast, innate immune defences are known to be effective against Bd in many species (Rollins-Smith 2009 ). Anti-microbial peptides (AMPs), produced in skin glands, may be an important part of this innate immune defence (Rollins-Smith et al. 2002a ,b, Rollins-Smith & Conlon 2005 , Woodhams et al. 2006a ,b, 2007a . Microbes that colonise amphibian skin can also confer disease resistance on their hosts (Bettin & Greven 1986 , Harris et al. 2006 , Lauer et al. 2007 , 2008 , Woodhams et al. 2007b , Banning et al. 2008 . Symbiotic microbes can therefore be regarded as another component of amphibians' innate immune defence mechanisms (Woodhams et al. 2007b , Walke et al. 2011 . Symbiotic bacteria resident on anuran skin may sometimes play a greater role than AMPs in defence against Bd, and AMP potency may be attenuated in species that rely heavily on their beneficial microbiota (Conlon 2011) . Harris et al. (2006) first demonstrated in vitro inhibition of Bd by a number of bacterial species isolated from the skin of salamanders, and suggested that Bdinhibiting bacteria could be used as a bioaugmentation tool to confer disease resistance to vulnerable amphibian populations. Laboratory trials involving inoculation with a Bd-inhibiting bacterium, prior to pathogen exposure, have subsequently demonstrated that this is possible (Harris et al. 2009a ,b, Becker & Harris 2010 .
Historically, investigations of the antimicrobial activity of microbes have used challenge assays. These in vitro techniques, which test the effectiveness of microbial metabolites against a particular microorganism, are typically undertaken using an agar or broth medium. Agar-based methods include disk diffusion, well diffusion and direct inoculation, while broth-based techniques use a liquid medium and are often coupled with spectrophotometry to quantitatively measure microbial growth (Jenkins et al. 1998) . Agar diffusion techniques are usually nonor semi-quantitative screening methods that aim to detect the formation of a zone of inhibition, often around an antibiotic-impregnated disk or well. This zone can be measured, enabling ordinal comparisons of results among different test organisms. However, antibiotic compounds can vary in their rate of diffusion through agar (Barry 1980 , du Toit & Rautenbach 2000 . Broth microdilution techniques are more timeconsuming to perform and typically require some knowledge of the test compound concentration. Challenging the target organism with a range of dilutions of the test compound can facilitate determination of a minimal inhibitory concentration (Rollins-Smith et al. 2002b) .
Published studies investigating bacterial antagonism against Bd have used agar plate assay methods (Harris et al. 2006 , Woodhams et al. 2007b , Brucker et al. 2008a . In these, Bd zoospores are spread evenly across an agar plate surface, which is subse-quently streaked directly with a bacterial isolate. The quantities of Bd and bacteria inoculated onto plates are not standardised, and live cultures of both of the organisms interact directly. Although this method can be used to screen large numbers of bacterial isolates over a relatively short time, it has potential disadvantages. Moisture requirements can vary between Bd strains, and these are not always compatible with those of the test bacteria, which can easily overgrow the Bd. In addition, because a distinct zone of inhibition must be observed, agar plate assays may fail to detect isolates that produce antibiotic compounds that diffuse slowly through agar. Finally, they could be subject to priority effects (Kennedy & Bruns 2005 , Peay et al. 2012 ; Bd is established first, and may itself inhibit the growth of some bacteria, including isolates that would otherwise show strong activity against it.
To address the problems identified above, we developed a semi-quantitative broth-based assay technique. The method combines attributes of a fully-quantitative assay used to screen anuran AMPs for effectiveness against Bd (Rollins-Smith et al. 2002b) , where both the concentration of Bd and AMPs are known, and a non-quantitative brothbased assay used to detect antifungal compounds produced by cutaneous bacteria from salamanders (Walters 2007) . In our technique, the concentration of Bd zoospores is known, while the concentration of the substance being assayed is unknown. The technique allows us to visually distinguish between fungistatic and fungicidal effects, and eliminates the possibility of direct competitive or priority effects.
In this paper, we describe the challenge assay methodology, including techniques and analysis of results. We applied this new challenge assay method to bacteria collected from wild frogs, and we report results that demonstrate the potential benefits of this technique.
MATERIALS AND METHODS

Field site and species
We collected bacterial samples from the skin of green-eyed tree frogs Litoria serrata found on rocks and vegetation bordering Frenchman's Creek (17°18' 32.8'' S, 145°55' 04.2'' E) at an elevation of 40 m. The study site is located in rainforest within Wooroonooran National Park, Queensland, Australia. Four adult frogs were captured, held briefly for sampling, and then released at the point of capture.
Sampling resident bacteria
We hand-captured frogs using clean plastic bags and rinsed their skin twice using sterile distilled water to remove transient bacteria that may not be part of the resident microbiota (Lauer et al. 2007) . A damp sterile rayon swab (MW112, MW&E) was wiped over the dorsal and ventral skin of the frog from knee to neck 5 times. Bacteria were then transferred to a low nutrient agar plate (R2A, Becton-Dickinson) by rotating and smearing the swab on the plate surface in a wide zigzag pattern. Plates were sealed with Parafilm 'M' (Pechiney Plastic Packaging), stored at ambient temperature (15 to 25°C) and returned to the laboratory within 72 h. After swabbing, we released all frogs at the point of capture.
Isolation and purification of microbial cultures
Inverted R2A agar plates were incubated at ambient temperature (18 to 26°C) in the laboratory for 48 to 72 h until growth was observed. Colonies with different morphological characteristics were identified using a dissecting microscope. Each unique colony was then isolated to axenic (pure, uncontaminated) culture using standard microbiological techniques (Salle 1961) . Briefly, each isolate was selected from a single colony using a sterile toothpick, streaked multiple times on non-overlapping sections of a R2A agar plate to thin out the number of bacterial cells, and allowed to grow for 24 to 48 h. This process was repeated until no contaminating organisms were observed. Axenic isolates were held on R2A agar slants at room temperature until challenge assays were conducted, typically between a few weeks and 4 mo. We found that almost all isolates remained viable for more than 6 mo in this form without the need for regular passaging which might have altered the properties of the bacterial sample. For long-term preservation and assurance, a sample of each newly isolated bacterial sample was frozen at −80°C in trypticase soy yeast broth with 20% glycerol (2 g trypticase soy broth, 1 g yeast extract, 200 ml glycerol, to 1 l deionised water, autoclaved).
Preparation of Bd cultures
We selected Bd isolate 'Gibbo River, L. Les, 06-LB-1' as the strain to be challenged for its known virulence in frog infection trials (Berger et al. 2005) . The isolate was maintained in sterile tryptone-gelatin hydro -lysate-lactose (TGhL) broth medium (8 g tryptone, 1 g hydrolysed gelatin, 2 g lactose, to 1 l deionised water, autoclaved), passed to TGhL agar plates (as above with 10 g bacteriological agar) after 7 d growth, and incubated at 23°C. On Day 3 after inoculation, plates were flooded with 3 ml sterile TGhL broth to create a suspension of zoospores, which was collected and vacuum filtered through a sterile 20 µm nylon filter (Spectra Mesh, Spectrum Laboratories) to remove sporangia. The filtered zoospores were coun ted on a haemocytometer and resuspended in sterile TGhL to a concentration of 2 × 10 6 ml −1 .
Preparation of bacterial cell-free supernatants
Axenic isolates were each inoculated into 1 ml sterile TGhL medium in 24-well plates (Costar 3524, Corning) and incubated at 23°C for 48 h. We then transferred each culture to a sterile 1.5 ml microtube that was centrifuged at 7500 × g (5 min) to pellet the cells. The supernatant was then filtered through a sterile 0.22 µm syringe filter (Millex GV, Millipore) to remove all cells, leaving bacterially produced metabolites in TGhL medium.
Challenge assay
We set up challenge assays in 96-well microplates (Costar 3595, Corning). Experimental wells contained 50 µl of Bd zoospores at a concentration of 2 × 10 6 ml −1 and 50 µl of a bacterial cell-free supernatant sample. Positive control wells contained 50 µl Bd and 50 µl TGhL medium. Negative controls contained 50 µl heat-killed Bd (60°C for 60 min) and 50 µl TGhL. An additional (medium-only) control consisted of wells containing 100 µl replicates of TGhL alone. A complete plate contained 10 replicates of each positive control, 5 replicates of each negative control, 19 wells containing the medium-only control and 5 replicate experimental wells for each of 12 bacterial isolates.
Microplates were incubated at 23°C until maximum growth in the positive controls was observed (typically after 6 to 8 d of growth); readings were taken using a spectrophotometer (Multiskan Ascent, Thermo Scientific) with a 492 nm filter immediately after plate set-up was complete (Day 0) and every 24 h thereafter. After a minimum of 3 d of growth, we examined the plate visually using an inverted microscope, to provide an independent record of the culture appearance and to identify and exclude wells where bacterial or fungal contamination developed.
Nutrient depletion in cell-free supernatants
Experimental wells in challenge assays contained 50 µl of cell-free supernatants in which bacteria had previously been cultured, while controls contained 50 µl of previously unused medium. Because of this, the growth of Bd in experimental wells could have been affected by depletion of nutrients used by the bacteria, as well as by bacterial metabolites. To determine the range of effects that could be produced by nutrient depletion alone, we grew Bd in 96-well microplates with various concentrations of TGhL me dium to simulate nutrient depletion in cell-free supernatants. Experimental wells contained 50 µl of Bd zoospores at a concentration of 2 × 10 6 ml −1 and 50 µl of TGhL broth at 11 different concentrations from 100 to 0%, where 100% was undiluted TGhL medium and 0% was sterile distilled water. Five replicates of each dilution had live Bd zoospores and 3 replicates had heat-killed Bd (60°C for 60 min) controls. Four replicate microplates, with independent zoospore counts, were incubated and read on a spectrophotometer as described in the previous sub-section.
Data analysis
Challenge assay
For each day's data, we first calculated the mean daily absorbance values of all replicates of each type of control and experimental sample. Then, to remove baseline absorbance, we subtracted the mean negative control value on each day from each of the mean sample and positive control values on that day, to obtain corrected absorbance values. To adjust the dataset further for background colour, which was present in some samples, we subtracted the corrected mean sample values on Day 0 from each daily mean sample value. We repeated this process by subtracting the positive control corrected mean absorbance value on Day 0 from each daily mean positive control value. We then plotted growth curves for each sample and positive control. If positive control growth curves did not follow the standard growth curve shape with a lag, log and stationary phase, the assay was repeated. The proportion of inhibition or enhancement of each sample relative to the positive control was then calculated by dividing the corrected absorbance value for each sample on its maximum growth day by the corrected absorbance value of the positive control on its maximum growth day. A value of 1 was subtracted from all proportional values so that positive values represented growth above that of the positive control and negative values represented potential growth inhibition. Data adjustments are summarized in Table 1 .
Nutrient depletion
Each dilution of TGhL was treated as a different sample, and heat-killed replicates were used as negative controls for that sample. The 100% TGhL live Bd sample was considered the positive control. Data corrections were performed as described in the previous sub-section, except that colour corrections were not necessary as no cell-free supernatants were used, and negative control data for each sample for each day were subtracted from the corresponding sample containing live Bd. For each microplate, the proportion of growth relative to the positive control was calculated for each dilution. 
RESULTS
We isolated and tested a total of 94 bacterial isolates from the 4 Litoria serrata sampled in our study. As a result of visual observation of the replicate microplate wells (see Fig. 3 ), together with the calculated proportion of inhibition and examination of each growth curve (see Fig. 2B ), cell-free supernatants were considered totally inhibitory if no growth was observed. Totally inhibitory isolates occurred on all 4 frogs. Of all isolates tested, 23% were totally inhibitory to Bd.
Nutrient depletion of medium by bacterial isolates can account for some of the partial inhibition observed in challenge assays. Results from the 4 replicate microplates showed that a progressively greater proportion of apparent Bd inhibition, relative to the positive control, occurs with decreasing nutrient concentrations. The proportion of inhibition for the four 100% nutrient depleted samples was 54.6, 63.5, 44.7 and 31.7%. This range of results is due to unavoidable slight variation in zoospore counts among assays. We therefore chose to use the maximum inhibition observed (63.5%) as our cut-off value; isolates that produce inhibition beyond this value must exhibit true inhibition against Bd. This figure is conservative because it is unlikely that complete nutrient depletion during bacterial culture always (or even frequently) occurs; if it did, there should be a peak in the frequency distribution at 50 to 60% inhibition (Fig. 1) ; in fact, there is a local minimum at that point.
Once the cut-off value of 63.5% inhibition was applied to the data to account for nutrient depletion effects, an additional 8% of cell-free supernatants were partially inhibitory to Bd, while 70% were noninhibitory. Of those non-inhibitory isolates, 34% enhanced the growth of Bd by more than 25%. Cellfree supernatant effects on Bd growth showed a bimodal distribution with 1 peak of inhibitory isolates and 1 of non-inhibitory isolates (Fig. 1) . The identification of totally inhibitory isolates is shown in Table S1 in the supplement at www.int-res.com/ articles/suppl/d103p077_supp.pdf. Fig. 2 presents a set of challenge assay growth curves that demonstrate the range of possible outcomes for each isolate tested. Uncorrected mean absorbance values are plotted in Fig. 2A and the corrected absorbance values in Fig. 2B . The corrections align the negative control along the x-axis and remove the effect of colour, which could in some cases mask inhibition in our spectrophotometric assays. We present error bars indicating ± 1 SD; these should be a standard part of the presentation of outcomes for this assay. They indicate the degree of dispersion of replicates of each treatment or control on each microplate. Excessive variance would indicate contamination or inaccurate pipetting. We also suggest that comparisons of mean positive control values among plates set up at the same time should be carried out to identify and eliminate plates that did not grow as expected. In addition, comparison of mean positive control values among batches of plates set up at different times should be conducted to check accuracy of zoospore cell counts. Our mean maximum positive control absorbance values across all plates in this study was 0.17 (SD = 0.024, n = 18).
Visual inspection of microplates revealed a range of cell-free supernatant effects on Bd, from inhibitory to enhancing. Our photos of positive and negative control wells (Fig. 3A,B ) are typical of those treatments and provide a reference for visual categorization of other effects. Visual inspection is important as it demonstrates that the effects we observed result from a variety of mechanisms. Total inhibition can result from a simple lack of growth, as seen in the negative control, and can also result from Bd cell lysis, as shown in Fig. 3F . Partially inhibitory effects range from the very low-level growth shown in Fig. 1. Batrachochytrium dendrobatidis. Bimodal distribution of cell-free supernatant effects upon B. dendrobatidis growth. Negative (positive) values indicate growth less (greater) than that of the positive control. Dark grey shading: all cell-free supernatants with inhibitory effects > 63.5% and ≤100%; pale grey shading: non-inhibitory cell-free supernatants Fig. 3C to the formation of sporangia without zoospore development (Fig. 3D ). Growth enhancement results from increased numbers of zoospores and sporangia as shown in Fig. 3E .
DISCUSSION
We have developed a semi-quantitative challenge assay for testing bacterial cell-free supernatants for activity against Bd that reliably distinguishes totally inhibitory bacterial isolates. Our technique improves on the previous method used to screen bacteria for activity against Bd, as it removes some potential confounding effects and allows trials to be run in a more controlled manner. We have validated the technique through identification of totally in hibitory isolates; isolate identities (shown in the supplement at www. int-res. com/ articles/ suppl/ d103 p077_supp.pdf) are in line with those found on frogs in other studies (Woodhams et al. 2007b , Walke et al. 2011 .
Previous studies using agar plates have scored challenge assay results only as either inhibitory or non-inhibitory (Harris et al. 2006 ). Our study demonstrates that bacterial cell-free supernatants can have a number of different effects on growing Bd cultures, from lysis of cells to growth enhancement (Fig. 3) . The mode of inhibitory action is most probably through antibiotic production, but other components such as bacteriocins (peptides produced by bacteria), bacterial degradation products, organic acids, lyso zymes and proteases may also play a role (see Verschuere et al. 2000) . Enhancement of Bd growth may occur when bacterial metabolites serve as nutrients, or through hormetic effects, where very low concentrations of antibiotics promote growth that is inhibited by higher concentrations (Southam & Ehrlich 1943 , Stebbing 1982 . Both of these possibilities may be potentially important in nature, and are worthy of further investigation. However, the analysis of this effect is beyond the scope of this study, which is primarily designed to screen for isolates that can exhibit strong inhibition against Bd. Therefore, until further investigation is undertaken, enhancing effects should probably be best considered as non-inhibitory.
Benefits and limitations
Our challenge assay offers a number of advantages over the agar plate technique used to date. The use of a fixed quantity of Bd zoospores, instead of the nonstandardised quantity used in the agar plate method, removes one source of variation from the resulting data, making our technique semi-quantitative. The agar plate assay can also be difficult to set up. For example, we found that the strain of Bd we used would 82 Fig. 2 . Batrachochytrium dendrobatidis. Growth curves showing spectrophotometric absorbance values for selected isolates demonstrating a range of effects on B. dendrobatidis growth, along with positive and negative controls. Selected isolate ID numbers are accompanied by percentage values in parentheses showing growth relative to the positive control, calculated as described in Table 1 . (A) Uncorrected mean daily absorbance values (error bars represent ±1 SD from the mean). (B) After corrections to subtract background absorbance and removal of the effect of colour from the sample. Where not visible, error bars are smaller than the symbols used not grow well on agar unless the plate was left slightly damp, and under those conditions, bacteria always overgrew the Bd. In addition, antibiotic compounds can diffuse at a variety of rates through agar due to the nature of the agar matrix (Kunin & Edmondson 1968 , du Toit & Rautenbach 2000 , which may mean that some strongly inhibitory compounds produce only a narrow zone of inhibition, leading to inaccurate classification. Our broth-based assay eliminates these problems. The agar-plate technique used to date allows direct interaction between the bacterium and Bd and does not account for the possibility that priority effects (sensu Kennedy & Bruns 2005 , Peay et al. 2012 ) may occur. Finally, interaction between growing cultures of test organisms also allows direct competition for space and nutrients, which could result in apparent zones of inhibition that are not due to inhibitory compound production (Jenkins et al. 1998 ).
Our technique allows visual differentiation be tween fungicidal and fungistatic effects. Fungistatic effects block growth at different stages of Bd development as seen in Fig. 3C ,D, while fungicidal effects completely destroy the fungal cells (Fig. 3E) . The agar plate assay allows rapid screening of large numbers of bacterial isolates, while our spectrophotometric technique is slightly more labour intensive to set up. However, it still facilitates the screening of reasonably large numbers of isolates at a time, and we feel that the benefits our technique offers are worth the additional time required to set up and run the assays.
Obtaining reliable results from this assay technique on isolates that ex hibit total inhibition against Bd is based on the satisfaction of 3 assumptions:
(1) that the Bd culture is growing optimally when the assay is set up; (2) that haemocytometer counts of Bd are conducted carefully and therefore reasonably reliably replicated; and (3) that 48 h of bacterial culture growth are likely to be sufficient for production of antimicrobial compounds to have occurred. We believe that the first 2 assumptions were satisfied while developing this assay, and subsequent investigation has shown that the third assumption is highly likely to be correct when assaying for isolates that show total inhibition against Bd, as this effect appears reliably repeatable (K. Yasu miba unpublished).
In our assay, isolates were grown and tested individually with the aim of detecting those that could exhibit strong inhibition against Bd. However, the interaction of 2 or more different bacteria, or the interaction of a bacterium with Bd, may initiate antibiotic production that is not observed in single isolates. In nature, it is probable that metabolite production may have a signaling role (see Yim et al. 2006) , and this may only be triggered in response to the presence of other microorganisms. For example, de Boer et al. (2007) demonstrated that competitive interaction between different soil bacteria in culture resulted in stronger fungal inhibition than demonstrated by each bacterium alone. Therefore, in our assay, some isolates that can produce metabolites active against Bd only in the presence of other microorganisms may not have been detected. We can be certain that cell-free supernatants exhibit genuine inhibitory results when inhibition greater than the maximum possible value for nutrient depletion occurs. Lesser levels of inhibition might result from nutrient depletion alone or from partial inhibition with or without nutrient depletion. The growth enhancement we observed for some isolates cannot be caused by nutrient depletion and appears likely to be genuine.
Because nutrient depletion in cell-free supernatants could contribute to partially inhibitory re sults, we recommend that a minimum level of inhibition for genuine partially inhibitory effects be determined for each medium and concentration of Bd zoospores tested, as outlined in 'Materials and methods' above. Alternatively, 100% nutrient-depleted controls could be included on each 96-well microplate.
An additional simple improvement to this assay method would be to allow growth of bacterial cultures until a minimum, empirically determined, optical density is reached before preparing the cell-free supernatant for assay. This would reduce variation between isolates in terms of starting material available, almost certainly eliminate hormetic effects and ensure that any genuine partially inhibitory effect was not simply due to low bacterial cell numbers. However, we recognize that optical density is not solely dependent on cell number but also on cell motility, cell size and cell membrane composition.
Future directions
The development of this technique has provided numerous opportunities for further research. Alternative broth media can be substituted for TGhL if desired, and comparisons can now be easily made among isolates tested at different temperatures and with mixed microbial communities rather than in isolation. Further research to determine whether hormetic effects are responsible for the growth promotion phenomenon observed can be easily conducted using our technique. The range of effects observed using this assay technique also provides an opportunity to study gene expression in Bd to identify the genes involved in growth and development of the pathogen. Furthermore, with large datasets derived from wild animals, categorized data could also be used to statistically test for differences among frogs grouped by species, site, elevation, sex, age class or Bd infection status. There are many possibilities for experiments that will contribute knowledge on the diversity and interaction of microbial species found on amphibian skin.
As the field of bioaugmentation research progresses, it will become increasingly important to relate observed in vitro effects to the interactions occurring on amphibian skin, possibly through assessment of the contribution of the most dominant microbial community members (Harris et al. 2006 , Woodhams et al. 2007b ). Characterisation of bioactive compounds will also be useful (Brucker et al. 2008a,b) and, coupled with development of techniques for detection of ambient levels of antibiotics on frog skin without sacrifice of the animal, should aid in elucidating a fuller picture of the contribution of microorganisms to immune defense against this widespread and serious pathogen.
